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Abstract

Failure of first-line chemotherapy to cure tuberculosis (TB) patients occurs, in part, because of the
development of resistance to isoniazid (INH) and rifampicin (RIF) the two most sterilizing agents
in the four-drug regimen used to treat primary infections. Strains resistant to both INH and RIF are
termed multidrug-resistant (MDR). Treatment options for MDR patients involve a complex array
of twenty different drugs only two classes of which are considered to be highly effective
(fluoroquinolones and aminoglycosides). Resistance to these two classes results in strains known
as extensively drug-resistant (XDR) and these types of infections are becoming increasingly
common. Many of the remaining agents have poorly defined pharmacology but nonetheless are
widely used in the treatment of this disease. Several of these agents are known to have highly
variable exposures in healthy volunteers and little is known in the patients in which they must be
used. Therapeutic drug monitoring (TDM) is infrequently used in the management of MDR or
XDR disease yet the clinical pharmacokinetic studies that have been done suggest this might have
a large impact on disease outcome. We review what is known about the pharmacologic properties
of each of the major classes of second- and third-line antituberculosis agents and suggest where
judicious use of TDM would have the maximum possible impact. We summarize the state of
knowledge of drug-drug interactions (DDI) in these classes of agents and those that are currently
in clinical trials. Finally we consider what little is known about the ability of TB drugs to reach
their ultimate site of action - the interior of a granuloma by penetrating the diseased lung area.
Careful consideration of the pharmacology of these agents is essential if we are to avoid further
fueling the growing epidemic of highly drug-resistant TB and critical in the development of new
antituberculosis drugs.
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INTRODUCTION

Multi-drug resistant tuberculosis (MDR-TB) is defined as a form of TB disease, caused by
Mycobacterium tuberculosis (Mtb), which is resistant to at least isoniazid (INH) and
rifampicin (RIF). These two drugs are considered to be the most effective anti-tuberculosis
first-line drugs. INH and RIF are the pillars of a four-drug combination therapy
recommended by the World Health Organization (WHO) to be taken daily for six to nine
months (1). Treatment of MDR-TB is at least eighteen months long and usually involves a
combination of four to seven so-called second-line drugs, most of which are less potent and
cause more severe adverse effects than the first-line drugs (2). In addition, they are less
affordable than first-line agents and therefore not always available in developing countries.
Extensively drug-resistant tuberculosis (XDR-TB) combines MDR with additional
resistances to the fluoroquinolones (FQs) and at least one injectable drug, i.e.,
aminoglycosides (AGs) or capreomycin (CAP). These are regarded as the most effective
second-line drug classes (3). Treatment of XDR-TB is often exploratory, including
antibiotics which have been developed for other disease indications, with little known
regarding their clinical efficacy against pulmonary TB.

MDR-TB is an emerging public health threat, with half a million cases annually, or 5% of
the global TB burden. Multiple factors have contributed to the emergence and spread of
drug-resistant TB. Non-compliance on the part of TB patients and lack of systematic drug
susceptibility testing (DST) in resource poor regions may be partly to blame, but this is
compounded by inadequately executing the appropriate treatment of TB. XDR-TB has
emerged from mismanagement of MDR-TB, treating tuberculosis with too few or poorly
selected drugs, failing to understand the pharmacology of the handful of drugs that remain,
and neglecting strict adherence measures.

A high degree of variability in MDR and XDR treatment outcome has been observed in
different settings, from > 70% cure in a recent Peruvian study to almost complete failure in
the XDRTB-HIV epidemic of Kwazulu-Natal (4-10). While part of this variability is due to
differences in the definitions of treatment outcome (11), such a wide range of success rates
indicates that there is room to improve individualized second- and third-line drug regimens.
Careful analysis of pharmacology data available for all existing TB drugs along with
therapeutic drug monitoring (TDM) can contribute to designing optimized drug regimens
and stop further development and spread of TB drug resistance.

This review focuses on the clinical pharmacology of second- and third-line anti-TB drugs in
use today, including pharmacokinetics (PK), degree of tissue penetration, clinical efficacy,
and drug-drug interactions (DDI), along with critical gaps in our current understanding of
these drug traits. Alternative drug delivery systems which could improve the
pharmacokinetics of existing drugs are also summarized. The toxicities and adverse effects
of these agents are well documented (12-17). Adverse effects and their management in
clinical settings are not systematically addressed here. This review will instead focus on the
clinical pharmacokinetic parameters of the twenty antibiotics used in the treatment of drug-
resistant TB, including available data regarding tissue penetration. Knowledge of the
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pharmacology of these drugs is fundamental to managing MDR and XDR-TB, improving
treatment success rates and TB control worldwide.

Selection of a Drug Regimen for MDR- and XDR-TB.

In settings where complete DST is performed prior to treatment initiation, selection of a
drug regimen is usually tailored to the patient’s resistance profile. This customized design
for treating MDR, and particularly XDR disease, is in contrast to general guidelines that are
available from official sources such as the World Health Organization (17), the Center for
Disease Control (18), and the State of California (15), to name a few. In settings where DST
is not readily available in a timely fashion, a variety of preferred empiric retreatment
regimens have been proposed (19-21). With few exceptions, the consensus opinion is that
regimens tailored to a patient’s DST results outperform standardized regimens (22-24).

A three-step treatment algorithm has been proposed for rational selection of drugs against
MDR- and XDR-TB (25, 26). The first-line drugs to which the patient remains sensitive are
considered in the first step of this algorithm, namely pyrazinamide (PZA) and ethambutol
(EMB). Rifabutin (RBT) is often recommended to treat the small percentage of RIF-resistant
patients who remain RBT sensitive (12-27%) (21, 27-29). One oral FQ (gatifloxacin,
ofloxacin [OFX], levofloxacin [LEV] or moxifloxacin [MXF]) is also added, along with one
injectable aminoglycoside (amikacin [AMI], streptomycin [STR], kanamycin [KAN]) or
CAP. Next, the recommendations call for the use of at least two agents from the three
remaining second-line anti-TB drug classes, including cycloserine (CS), thioamides
(ethionamide [ETH] or prothionamide [PTH]), and p-aminosalicylic acid (PAS). These latter
drugs are widely thought to be less potent than the FQs, aminoglycosides (AG) and RBT.
Finally, third-line agents such as clarithromycin (CLA), amoxicillin-clavulanate, clofazimine
(CLO), linezolid (LZD), metronidazole (MTZ) and more recently meropenem-clavulanate
(30) have been suggested to have activity against M. tuberculosis. Although clinical data are
presently limited, clinicians increasingly consider using them for XDR patients who are left
without other treatment options. Phase 1l trials are currently ongoing with MTZ and LZD in
South Korea, sponsored by the NIH/NIAID (www.clinicaltrials.gov). In addition to
evaluating the effect of these agents against MDR and XDR-TB, the studies will provide
critical information on their tolerability and pharmacokinetics in subjects with advanced
disease.

A handful of new TB drug candidates are currently in development. Armed with novel
mechanisms of action, these compounds all possess the potential to be effective against
drug-resistant TB. These are the ATP synthase inhibitor TMC207, the nitroimidazoles
PA824 and OPC-67683, the diamine SQ109 and the pyrrole LL3858, all of which have been
recently reviewed (31, 32).

Overview of the Pharmacokinetics of Second- and Third-line Anti-tubercular Agents

The human pharmacokinetic (PK) parameters of second- and third-line drugs in plasma have
been compiled in Table 1, along with their /n vitro potency against drug-sensitive Mtb
strains. Among the clinical development candidates, only TMC207 was included since
human PK data are not yet available for the other compounds.
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For the most part, the parameters summarized in Table 1 were derived from studies with
healthy volunteers recruited in developed countries. The pharmacokinetics of
antimycobacterial drugs in patients with MDR TB has been addressed in one small clinical
study by Yew and coworkers (33) where twelve patients were included with each drug being
taken by six of the twelve subjects. Yew’s work reveals some intriguing trends with regard to
absorption and half life of second-line drugs in MDR patients versus healthy volunteers. His
results have been corroborated recently in a study showing that patients with tuberculosis or
co-infected with HIVV/AIDS have a decreased intestinal absorptive area that may relate to
low serum concentrations of anti-tuberculosis drugs. Not surprisingly, patients in whom
decreased absorption was most acute had developed drug resistance to a larger extent than
those with normal intestinal absorption area (34). This observation highlights the need for
large scale studies covering various ethnic groups in diseased populations in order to define
‘normal ranges’ that provide adequate treatment in patients with advanced disease and co-
morbidities.

RBT is one of the best examples illustrating the pharmacological issues of antimycobacterial
drugs used to treat complex TB disease (35). Among the most effective second-line drugs,
RBT is one that presents many sources of inter-patient variability. Its absorption is affected
by co-administered TB drugs, formulation, concomitant food intake (36), and disease states
such as diabetes mellitus (37), HIV (38), and cystic fibrosis (39). RBT also induces its own
hepatic metabolism, which is in turn inhibited by protease inhibitor-based antiretroviral
therapy (40) and macrolide antibiotics (41), causing complex bidirectional interactions
(detailed in a later section of this review). All these factors additively contribute to inter-
individual variability of absorption, distribution, metabolism and excretion (ADME)
properties. The resulting wide ranges in peak plasma concentration (Cynax) and exposures of
RBT have been shown to have a direct impact on treatment failure, relapse and acquired
resistance (40).

Another drug with marked food effect and varying extent of absorption is PAS. It is more
completely absorbed when given with a high fat meal, increasing the Cpax by 50% and
overall exposure by 70%. Overall, PAS pharmacokinetics show wide ranges of Tmax, Cmax
and bioavailability due to mechanisms that are poorly understood. It also blocks absorption
of vitamin B12 and can induce a malabsorption syndrome (42). Both PAS and RBT will be
considered in more detail below but these examples illustrate the complexity of managing
the polypharmacy of treatment of drug-resistant TB.

The Utility of Therapeutic Drug Monitoring for Managing MDR-TB

In general, second- and third-line medications are less effective, have more frequent side
effects, have a narrower therapeutic/toxic effect ratio, and require a longer duration of
treatment than first-line agents. TDM has been proposed as a means of obtaining plasma
levels of a drug and modifying the dose or dosing interval based on the results to ensure that
these levels remain within the therapeutic window (13, 66—-68). This may help not only to
maximize the chances of favorable clinical outcome but also to preclude the development of
further resistance (69).
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Because it is cost and labor intensive, TDM is often reserved for defined circumstances such
as lack of clinical response, prolonged side effects, renal or hepatic dysfunction, suspected
DDI, and co-morbidities such as HIV and diabetes which often cause poor absorption
through the gastrointestinal tract (70, 71). A recent study conducted in twenty-one HIV-TB
patients in the US (72) showed that 86% of the subjects had low serum concentrations of
either INH, RIF, or both, 2 h after ingestion. In such an instance, TDM may be an effective
tool to optimize therapy and overcome HIV-TB provided that higher drug doses are
tolerated.

To ensure quality results and maximize cost effectiveness, sampling times must be carefully
considered. For most drugs, it is recommended to obtain 2 h post-dose concentrations,
corresponding to peak plasma levels or Cpax. For a few drugs such as RBT and EMB, a3 h
timepoint may approximate the peak better, while the granular form of PAS has a peak
plasma concentration 4 to 6 h post-dosing. However, low values at the theoretical Cpx do
not distinguish between delayed absorption (late peak but close to normal range) and
malabsorption (low concentrations at all times). Therefore, a second sample is collected at 6
h post-dosing to differentiate between these two scenarios. Recommended drug-specific
sampling times and expected concentration ranges have been previously reviewed (67, 73).
Several other factors impact on the benefit and cost effectiveness of TDM: sample storage,
performance of analytical methods, consideration of food effects, and proper action taken by
the clinician in response to the results. An 11-step process has been proposed (74) to
maximize not only patient care but also economic efficiency (75).

Knowledge of the concentrations required for effective therapy must be gained in order to
optimize the benefits of TDM. Detailed pharmacokinetic-pharmacodynamic (PK/PD) data
from human studies are lacking for many TB drugs (67). Precise targets for peak serum
concentrations relative to minimum inhibitory concentrations (MIC), exposure relative to
MIC or time above MIC are not available from human studies with many second- and third-
line TB drugs. In the absence of such information, it is assumed that ‘normal’ ranges of
serum levels, as defined in Phase I studies and outlined in Table 1, provide effective therapy
because they are observed in patients who appear to be adequately treated. Very recently,
pulmonary PK/PD modeling of RIF pharmacokinetics revealed that RIF concentrations
measured in lung compartments following administration of the standard 600 mg dose failed
to achieve acceptable target concentrations in 40 healthy volunteers (76).

Rather than consisting of a single numerical value of a serum drug concentration, TDM in
drug-resistant TB should correlate bacteriological response, such as a decrease in bacterial
load in sputum, to the ratio between drug exposure and MIC of the patient’s own TB isolate.
This is due in part to strain variability in susceptibility to many of these agents, but this is
further confounded by issues of subtle cross-resistances between drug classes. While the
variation in MIC for first-line drugs is generally less than two-fold, for many of the second-
line agents, this variation can be considerably larger and clinical break points have not been
convincingly tested (77, 78). This has led some recent authors to argue for a
pharmacogenomic approach, even for first-line agents (79). TDM benchmarked to the MIC
of an individual patient’s isolate would ensure more effective use of the procedure by linking
actual drug levels with response to therapy, allowing the construction of databases evaluating
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whether ‘normal ranges’ do indeed provide (or not) satisfying clinical outcomes. One major
limitation of TDM is that it only measures plasma levels, which do not reflect drug
penetration within sequestered TB infection sites, where decreased pH and O2 content also
affect the activity of some antibiotic classes such as the AGs (80).

TB and non-TB DDIs

TB chemotherapy is also significantly complicated by the fact that it frequently occurs in
patients with other diseases such as HIV. TB also tends to occur frequently in patients that
have many other underlying complications such as malnutrition, diabetes and generally poor
health. Because of this, DDI are a hugely important, and vastly understudied, area. RIF is the
antituberculous drug presenting the widest range of interference with the metabolism of
other drugs (81). This is due to its inducing activity on enzymes of the cytochrome P-450
superfamily (CYP450), and on several other detoxifying enzymes or efflux systems. These
interactions have been reviewed and updated regularly (81-83) and will not be described in
detail here, since RIF is a first-line drug. However, RIF has several pharmacological
interactions with second- and third-line agents which should be mentioned. Co-administered
RIF reduces MXF exposure by 30% via induction of hepatic glucuronosyltransferase and
sulphotransferase, the two enzymes primarily responsible for MXF liver metabolism (84—
86). RIF also increases the CYP-mediated metabolism of CLA and other macrolides by
inducing CYP3A4, which is responsible for the conversion of CLA to 14-
hydroxyclarithromycin (87). Conversely, CLA is an inhibitor of CYP3A and therefore
increases RBT exposure (41, 57). MTZ is thought to be metabolized by one or more
unidentified CYP450 isomers. Hence, it has been suggested that DDI with MTZ be
investigated on a case-by-case basis (88). Finally, RIF increases CYP-mediated metabolic
clearance of TMC207, resulting in 50% reduction of TMC207 exposure when co-
administered with RIF (89). Since MXF, CLA, MTZ and TMC207 primarily target MDR-
TB disease, none of these interactions is expected to have major clinical implications. They
remain important, however, because they also apply to RBT, another rifamycin with
metabolic properties that are similar to those of RIF, though much less pronounced (90).

RBT is primarily metabolized by CYP3A4 (demethylation and hydroxylation) and by a
cholinesterase to form a deacetylated product that has retained at least 50% of the activity of
the parent drug against M. tuberculosis (91). RBT induces its own metabolism via both
pathways (92). Because of its reduced pharmacological interferences, compared to RIF, it is
often recommended in the treatment of TB-HIV with close monitoring of plasma drug levels
and subsequent dose adjustments (12).

Very few studies have been conducted to investigate DDI between antiretrovirals and
second- or third-line agents other than RBT. Several of these TB drugs were developed at a
time when current knowledge of metabolic pathways and modern methods for detecting
pharmacological interactions were not available. In many cases, DDI are considered unlikely
to be clinically significant, though therapeutic monitoring of plasma drug levels is
recommended. Clear evidence of interactions with HIV drugs exists for the macrolides,
which increase the exposure of protease and reverse transcriptase inhibitors by inhibiting the
CYP3A family (12). In addition to metabolic interactions, patients with HIV and other co-
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morbidities such as diabetes mellitus can have impaired absorption through the gastro-
intestinal tract, resulting in lower Cax and overall exposure. In the case of RBT, abnormally
low plasma levels were shown to correlate with acquired resistance, treatment failure and
relapse (40). The AGs as a class have low potential for DDI because they are not known to
interfere with any of the CYP450 systems. They are mostly excreted unchanged.

Table 2 summarizes reasons for potential or demonstrated DDI between second- or third-line
TB drugs as well as with other medications.

Tissue Penetration of Anti-TB Drugs

The issue of drug penetration at the site of action has been overlooked to a large extent.
Anti-tuberculosis drugs do not exert their effect in the plasma, where their levels are
traditionally measured, but in defined target tissues and lesions where they must be
distributed. From a few studies published from the 1950s to the 1980s, it is believed that
drug concentrations in these sequestered target sites can be substantially different from
plasma concentrations, and could also be different for different drugs, even within the same
class (100). Interestingly, drug-specific penetration has been demonstrated in abscesses and
abscess fluid with significant differences observed within the same patient depending on
abscess location, morphology and size (101, 102). This work is particularly relevant to the
situation found in TB, given the structural similarities between abscesses and TB lesions: an
outer fibrotic wall, inner layers of leukocytes and a central area of necrotic debris (103).
Differential lesion-specific penetration is likely to be pronounced in TB disease where lesion
diversity in size, location, structure and cellular/non-cellular content is remarkable.

The diversity of latent and active lesion types in pulmonary TB disease is impressive (104).
Early granulomas are small and mainly cellular before evolving into closed, caseous,
necrotic lesions that often develop a wall of fibrosis. These lesions may develop further due
to liquefaction of the necrotic center ultimately leading to the formation of cavities open to
an airway. On the other hand, effective containment by the immune system can lead to
partial healing, fibrosis, calcification and the formation of consolidated, closed lesions. One
commonly accepted paradigm is that these arrested granulomas contain the bacilli which are
responsible for disease reactivation, though this remains to be formally demonstrated. Due to
varying levels of vascularization and presence of physical barriers such as fibrosis and
calcification, the extent of sequestration of the bacilli differs greatly between lesion types
and lesion compartments.

The effect of such sequestration in other diseases can be dramatic in terms of drug levels at
the infection site. This was nicely demonstrated with radiolabeled ceftriaxone in a rabbit
model of staphylococcal endocarditis where this p-lactam was 20-30 times more
concentrated at the periphery of fibrin-rich vegetations than in the core. Along with
metabolic and immune factors, this lack of penetration was used to explain the requirement
for high local drug concentrations in order to cure such infections (105, 106). It is likely that
such phenomena may extend to other diseases presenting fibrotic lesions such as
tuberculosis. Different drugs probably exhibit different lesion penetration properties and
lesion-specific diffusion patterns may be observed for any given drug. In addition, micro-
environmental conditions of low pH or low oxygen tension affect the metabolic and
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replication status of the Mycobacteria, rendering them less susceptible to drug action.
Finally, Mtb is a facultative intracellular pathogen. In other words, some of the bacteria are
sequestered within the phagosome or phagolysosome of phagocytic cells, while others
remain extracellular deep inside the necrotic core of large lesions. Taking these various
phenomena into consideration, it is unlikely that each and every mycobacterial sub-
population finds itself in the presence of drug levels that are sufficient to cause cell death or
at least prevent growth in a sustained manner. Sub-therapeutic drug levels within TB lesions
may thus contribute to the long treatment duration, treatment failure and development of
drug resistance.

Unfortunately, clinical studies of drug penetration in pulmonary and other TB lesions are
only limited to the two major first-line drugs INH and RIF, and date from the 1950s to
1980s. A study from 1953, with radioactive INH administered to three subjects with
tuberculosis, indicated that INH and/or its metabolites were present in various lesion types at
concentrations close to those seen in blood (107). In contrast, large scale Russian studies
which included several hundred TB subjects undergoing lung resection (108, 109) reported
INH and/or RIF levels in blood, healthy lung tissue, granulomas, cavities and pulmonary
lymph nodes between 2 and 5 h post-dosing. This report found INH and RIF concentrations
that were significantly lower in healthy and diseased tissue than in blood (Table 3).
Similarly, a French study conducted on 34 pulmonary TB subjects (110) found caseum:lung
levels in the range of 0.05 to 0.64 3 to 7 hours post-dose. In this study, lung levels were
slightly higher than plasma concentrations with an average lung:serum ratio of 1.6 in the
resected lung of these 34 subjects. In contrast, Kiss et al. (111) found lung tissue levels
ranging between 30 — 60% of serum levels 2 to 9 hours post-dose. These values are in
agreement with RIF lung levels observed in rabbits and non-human primates (personal
communications with L. Via, J. Flynn, and our unpublished data). In all studies summarized
above, except for the quantification of radioactive INH, the read-out was a biological assay
which has intrinsic limitations in terms of accuracy, and may have been influenced by
several confounding factors inherent to the biological matrix, the sample collection strategy
and the bacterial indicator strains. Nevertheless, these studies indicate that penetration into
diseased tissue and sequestered infection sites is both drug-specific and lesion-specific, in
agreement with what is reported for non-TB drugs in abscess fluid. Preliminary results from
animal experiments obtained by our groups have confirmed that different TB drugs have
varying abilities to penetrate rabbit granulomas (unpublished data). There is clear need to
refine and expand drug penetration studies in human TB lesions, employing state of the art
technologies for the quantification of small molecules.

The penetration of some second- and third-line TB drugs in epithelium lining fluid (ELF),
broncho-alveolar lavage (BAL) or sputum, and alveolar macrophages (AM) has been
determined to some extent. Though this only provides a partial picture of overall drug
distribution between blood, lung and closed lesions or open cavities, valuable information
can be gained regarding the relative ability of drugs from different classes to penetrate extra-
vascular and intracellular compartments. These numbers are summarized in Table 4, along
with intracellular:extracellular ratios. It should be noted that sampling and drug
quantification in bronchial secretions is fraught with methodological pitfalls (112, 113), and
that care should be taken when interpreting the data. Overall however, a few key points
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emerge from available data. Perhaps most importantly, one should not take for granted the
often-accepted idea of a complete and lasting equilibration between blood and tissue for
small molecules. Different drugs have different abilities to penetrate tissues, bronchial
secretions and macrophages. One of the best ‘penetrators’ of cells and tissues appears to be
CLA, which may compensate for its high MIC ((114) and Table 1). At the opposite end of
the spectrum, the p-lactams distribute poorly in the various tissues analyzed and within cells
(114).

The AGs in general are relatively polar molecules with poor absorption properties and
virtually no oral bioavailability. While there are no data available on the intrapulmonary PK
of KAN, AMI or STR, sputum and ELF concentrations of tobramycin have been extensively
measured in cystic fibrosis patients. When given intravenously, tobramycin did not reach
sputum in concentrations sufficient to inhibit or kill the relevant pathogens (115, 116).
Nevertheless, the drug appeared to accumulate in sputum at significantly higher levels upon
repeated administration for 2 or more weeks (117). If this holds true for AMI, such slow
sputum penetration may be partially responsible for its failure to decrease sputum bacterial
counts in early bactericidal activity (EBA) studies (118). Rifamycins as a class show
favorable intracellular partitioning (35). With its large volume of distribution (Table I) and
9:1 intracellular-to-extracellular ratio, RBT is expected to accumulate in lung tissue and
within cells. Though experimental and clinical data of RBT distribution in tissues and fluids
are still lacking, a recent study demonstrated that pulmonary concentrations of RIF in ELF
and AM are insufficient to provide satisfactory target attainment in TB patients (76). The
results clearly support the need to evaluate higher doses of rifamycins in clinical trials,
despite the fact that this class of compounds displays reasonably good penetration in lung
compartments.

It is generally recognized that the logP (the octanol:water partition coefficient) of a drug
contributes to its ability to leave the blood compartment and penetrate into tissues and cells,
and that high molecular weight negatively affects passive diffusion through cells. The data
presented in Table 4 suggest a trend in that direction, though it is clear that molecular weight
and calculated LogP alone are not sufficient to predict distribution into cells and tissue.
Many confounding factors influence tissue distribution and intracellular accumulation. First,
plasma protein binding plays a major role in tissue penetration, in a manner which is
difficult to predict since the protein content of the various compartments involved is often
unknown. One exception is ELF where protein levels are thought to be low and free
antibiotic concentrations are generally regarded as equivalent to the measured total
concentration (113). In general, high serum protein binding hinders tissue penetration (119).
Second, specific cell types show different intracellular:extracellular distribution ratios due to
varying levels of active transport, efflux, intracellular binding and other much less well
understood phenomena. One striking example is that of MXF accumulation in unstimulated
versus differentiated macrophages, as MXF has more favorable distribution properties in
activated macrophages (120). LEV on the other hand, another FQ, exhibits no difference
whatsoever in penetration of both cell types (120). Consequently, values of intracellular drug
accumulation should be compared with caution across studies. Finally, PZA, ETH, and PTH,
as well as the nitroimidazole drug candidates, are prodrugs which are converted
intracellularly to their less permeable active principle(s) by mycobacterial enzymes, causing
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accumulation of these activation products within mycobacterial cells (121-123). These
bacterial cells can be either extracellular or located within macrophages and other immune
cells. Depending on the distribution and density of metabolically active bacilli, which vary
widely between lesion types and lesion compartments (124), active pro-drug metabolites
will be generated and accumulate to different degrees in different regions of the diseased
lung. Therefore, studies that aim at understanding the partitioning of PZA or thioamides
between blood, body fluids and macrophages should reproduce the situation found /in vivo
(i.e. presence of the pathogen responsible for pro-drug conversion) and include
quantification of the conversion products in the various compartments.

Given the varying abilities of different drugs to penetrate lung lesions and bronchial
secretions, it appears that meaningful PK/PD indices should include drug levels at the site of
infection in addition to plasma PK. However, as seen in Tables Il and 11, available human
data are still too sparse and anecdotal to systematically compute PK/PD parameters based on
ELF or lesion levels. Advantage should be taken of animal models, such as the non-human
primates and the rabbit, where the diversity and size of the lesions best reproduces the
situation seen in humans. Systematic determination of penetration ratios for all TB drugs in
closed necrotic lesions and cavities is required to (i) establish pharmacokinetic models of
drug diffusion in each lesion type, (ii) identify lesions that are most resistant to drug
penetration, and (iii) determine whether sub-therapeutic drug levels within lesions and lesion
compartments may contribute to treatment length, treatment failure and emergence of drug
resistance. Clinical studies with TB patients undergoing lung resection would be helpful to
validate the results obtained in animal models. Because lesion sampling requires animal
sacrifice or invasive surgical procedures in the clinic, validated surrogate markers of drug
content in lesions and cavities, such as sputum drug levels for example, are needed.

Pharmacodynamics and Clinical Efficacy of Second- and Third-Line Agents

Because pulmonary TB strictly requires treatment with combination therapies, it is
extremely challenging to reliably quantify the clinical efficacy of individual TB drugs. The
only circumstance under which monotherapy has been ethically justified is the evaluation of
EBA during the first 7 to 14 days of treatment in newly diagnosed TB patients. Available
EBAs of 2"d and 37 line agents are summarized in Table 5. One intrinsic limitation of EBA
is that the results only reflect the ability of a given drug to cause a decrease in the number of
culturable bacteria present in sputum (145). This bacterial population is thought to originate
primarily from open cavities and may therefore reflect primarily actively replicating
organisms within an oxygen rich environment, although at many levels these facts remain
speculative. Hence, EBA does not measure the potential of a drug for killing non-growing
bacteria or sterilizing closed lesions which never come into contact with sputum.

For evaluating the utility of individual drugs in the treatment of drug resistant disease, the
options available to clinical investigators are limited since a typical MDR-XDR regimen
contains at least 4 to 6 antibiotics. Ideally, placebo-controlled trials are designed where the
contribution of the investigational drug is evaluated by adding it to an individualized second-
line regimen. The control arm receives placebo in addition to a similar individualized
regimen. Randomization ensures that potential confounding factors are equally distributed
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between the two study arms. This type of study is currently being conducted with MDR-TB
patient populations for MTZ, LZD (ClinicalTrials.gov numbers NCT00425113 and
NCTO00727844) and the Phase Il clinical candidate TMC207 (65). But many more such
studies are needed to benchmark the clinical efficacy of the so-called ‘old” drugs like PZA,
PAS, CS, ETH, PTH and CLO using standardized definitions of outcome measures (146,
147). Newer and more well-characterized drugs, such as the FQs, AGs and CAP, have not
been evaluated in randomized and placebo-controlled MDR-TB trials, yet they are
‘automatically’ included in standard MDR combination therapies. In the absence of
controlled trial data, some information on the respective contribution of different drug
classes can be obtained from multivariate analyses of correlations between drug resistance
and treatment outcome in case studies. For example, the use of FQs is consistently found to
be associated with favorable microbiologic and clinical outcomes (3). A systematic analysis
of all available clinical trial data would be key to reassess the scientific evidence for what we
currently “know” about response to second- and third-line drug treatment in pulmonary TB.

A. Second-line drugs considered most effective

The Fluoroquinolones: Fluoroquinolones (FQs), both first and newer generations, are
considered highly effective against Mth. Their superiority over most other second-line agents
is due in part to their bactericidal activity against TB, with ratios of minimum bactericidal
concentration (MBC) to MIC generally between 2 and 4 (158) (Table I). FQs are also
characterized by reliable and reproducible DST results, a key advantage in optimizing
treatment success for MDR-TB. In addition to good potency /n vitro, they achieve high drug
levels in tissues, bronchial secretions, macrophages and neutrophils (159) (Table 4). Owing
to their bactericidal activity and good tissue distribution, they display better EBA than other
second-line agents for which this has been measured (151, 160). Consequently, MXF was
investigated as first-line substitution in several large scale trials, replacing either INH or
EMB, with the objective to shorten standard TB therapy. These studies have thus far
provided only mixed results with some of them still in the recruiting phase. TBTC Study 27
(http://clinicaltrials.gov/ct2/show/NCT00164463) compared MXF with EMB and found that
culture conversion occurred more rapidly in patients treated with MXF; however, the
proportions of patients with negative cultures were similar in both arms after 8 weeks (161).
Recently, a Johns Hopkins study (162) showed that MXF versus EMB improved culture
conversion by almost 20% in the first 8 weeks of treatment. In the OFLOTUB study, OFX
when substituted for EMB in a conventional combination regimen, slightly accelerated the
killing of Mtb in sputum during the initial phase of treatment (163). Overall, in drug-
susceptible TB, the impact of adding a FQ to a RIF-containing regimen does not appear to
be dramatic. The situation is markedly different in MDR-TB, where both INH and RIF are
absent from drug regimens. In multivariate analyses of case studies, the use of FQs is
consistently found to be associated with favorable outcome (3, 11, 19). Similarly, resistance
to, or prior use of, FQs is most often correlated with poor treatment outcome. Unfortunately,
FQs are used in the treatment of a vast range of infectious diseases, most likely for reasons
similar to those described above, i.e. bactericidal properties along with attractive
pharmacokinetics and tissue penetration. In addition, they are available over the counter in
many developing countries, leading to high rates of pre-existing drug resistance in some
clinical isolates (9).
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In the absence of rigorously controlled clinical trials on the efficacy of adjunctive FQ against
drug resistant TB, there is no agreement on the best FQ for MDR-TB treatment. However, if
one combines characteristics of /n7 vitro potency and clinical pharmacokinetics, MXF seems
to score slightly better than other FQs in each category. More explicitly, MXF has MIC and
MBC similar to other FQs but a lower mutant prevention concentration (MPC) (164); its
overall drug exposure in plasma is higher, as well as its ELF:plasma and AM:plasma ratios
(Table I & 111); and MXF is preferentially taken up by activated macrophages in contrast to
LEV (120). It is thus expected to achieve higher AUC/MIC or AUC/MPC at the site of
infection. In the mouse model of infection, AUC/MIC was found to be the PK/PD index
driving FQ efficacy (165), suggesting that total exposure over time should be maximized.

The injectables: Aminoglycosides and Capreomycin: STR was among the first antibiotics
to be used in pulmonary TB in the late 40’s. Though the designs of clinical trials were less
controlled and rigorous than contemporary trials, the efficacy and treatment response to STR
were clearly established in large patient cohorts(166). However, therapy duration was 18 to
24 months, the drug had to be injected several times a day, and resistance was quick to
emerge in most cases since it was used as a monotherapy (167). For these reasons, STR was
replaced with more potent and orally bioavailable agents as they were developed.

Other than their /n vitro bactericidal activity (Table I) and the fact that STR was proven
efficacious in the clinic in the early days of anti-TB therapy, there is a little convincing
justification in the scientific literature for the use of newer AGs, namely AMI and KAN,
against MDR-TB. Clinical reports that they contribute appreciably to treatment of MDR-TB
are still anecdotal. Despite AMI’s strong extracellular bactericidal activity /n vitro, EBA
studies revealed either borderline or no significant change in sputum counts (118, 168),
comparable to what was observed previously for STR (153). In one study where resistance
to second-line injectables was correlated with treatment outcome, resistance to CAP - which
is often misclassified as an AG - was an independent predictor for therapy failure, while
resistance to either KAN or AMI did not appear to be as important an indicator of poor
prognosis (6). Recently, resistance to injectables other than STR was not associated with
poor treatment outcome in a Korean study including 211 patients (169). Other reports on the
link between susceptibility to injectibles and long-term prognosis suggest a positive
correlation, but the distinction between CAP and the AGs is not clearly made (4, 170). As
mentioned earlier, placebo-controlled trials investigating the utility of adjunctive AG in
MDR-TB have not been conducted.

The moderately convincing reports on the clinical efficacy of AMI and KAN against MDR-
TB might not be totally surprising in view of their pharmacokinetic and physico-chemical
properties. They have markedly reduced antibacterial activity at pH 6.0 and no activity at pH
5.0 or below (143, 171, 172). Hence they likely have a limited ability to kill bacilli present in
necrotic caseous lesions, thought to be acidic with pH ranging from 5.5t0 6.0 (D. A.
Mitchison, personal communication and (173)). Indirect evidence that lesions are slightly
acidic reside in the observation that (i) PZA has a high sterilizing potential while STR is a
poorly sterilizing drug (145), (ii) inflammation is recognized to produce local acidity due to
accumulation of CO2 and lactic acid and (iii) pH ranging from 5.5 to 7.2 have been
measured in abscess fluid (102), a matrix which has many similarities with caseum. A

Curr Clin Pharmacol. Author manuscript; available in PMC 2019 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dartois and Barry

Page 13

similar pH range is found within the phagolysosome of activated macrophages, another
niche for mycobacterial subpopulations. AGs also interact with sputum components that
interfere with their activity: binding to mucin and ions was shown to cause a 10- to 25-fold
increase in MIC in the presence of purulent sputum (117, 174). Thus high sputum
concentrations may be required for the AGs to effectively kill extracellular bacilli.
Unfortunately, sputum concentrations have only been determined for tobramycin in cystic
fibrosis patients, where the sputum:serum ratio was low around 0.1 to 0.2 following single
dose (116) (Table 4). The AGs as a class are polar molecules with very low cLogP, which
could explain their low volume of distribution (Table I). Despite the fact that tobramycin
seems to slowly accumulate in sputum after 2—3 weeks (117), AG levels in bronchial
secretions and lesions may not reach peak concentrations sufficient to effectively Kill
extracellular and intracellular mycobacteria since the PK/PD index driving efficacy of the
AGS is Cinax/MIC (175).

CAP, on the other hand, doesn’t suffer from pH dependency and has been shown to kill non-
replicating Mtb bacilli (176). There is a growing interest in developing an inhalation
formulation for CAP, which may overcome the problem of suboptimal tissue penetration,
help lower overall dosing while achieving high peak concentrations at the site of infection,
minimize systemic drug concentrations and adverse effects, and yield an entirely “oral’
regimen to improve global compliance (MEND, http://www.medicineinneed.org/mend-
biotech-development.html). Promisingly, inhaled AMI or KAN used as adjunctive salvage
therapy in a small exploratory study helped most patients with persistent culture positive
sputum to convert to negativity within two months (177).

Pyrazinamide: PZA is one of the most complex and least well-understood TB drugs. The
mechanisms behind its activity against certain bacterial populations and not others remain
hypothetical. /n vitro, it is active at pH 5.5 and below (172) and it has been shown to have
some killing activity when bacterial metabolism is low. PZA is the opposite of conventional
antibiotics in that it is less active against young, growing bacilli than against older, non-
growing ‘persisters’ (178). These observations lead to the hypothesis that it might effectively
target mycobacteria present in the lysosome and phagolysosome of activated macrophages
within lesions. Attempts to confirm this /n vitro led to conflicting reports (179-181), likely
due to differences in cell lines, experimental design and drug concentrations used (K. Pethe,
personal communication). Nevertheless, adjunctive PZA appears to consistently increase the
sterilizing potential of many drug regimens. Its addition to the INH-RIF combination made it
possible to complete a successful treatment in six months with significantly lower relapse
rates (182-184). Unlike many other TB drugs, it maintains a slow but constant EBA
throughout the entire 14 days of monotherapy (145). PK/PD experiments in the acute mouse
model indicated that time above MIC (T>MIC) was the best predictor of bacterial load
reduction. Caution should be taken before extrapolating this to humans, however, since
bacilli are mostly found within macrophages in the mouse model, much more so than in
established human disease.

B. The ‘old’ static drugs with narrow therapeutic window—This description
usually refers to PAS, CS, ETH, PTH and CLO, discovered between 1943 and 1957. They
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are mainly specific for Mycobacteria and were widely used before the advent of the more
potent first-line drugs of today, INH and RIF. Therefore, resistance is not as common as for
drugs which were used for decades to treat not only TB but other infectious diseases. A
typical MDR or XDR drug regimen often contains two depending on the patient’s drug
resistance profile, with the notion that they are static (rather than cidal) and slow to act, with
the possible exception of CLO. Little if anything is known about their respective activity
against the various sub-populations of bacilli.

PAS was developed and tested as a monotherapy almost immediately following STR in the
late 40’s. While clinical response was not as good as for STR, resistance was much slower to
arise, PAS proved less toxic and orally bioavailable. The two drugs were soon used in
combination to prevent emergence of resistance, with treatment duration of 18-24 months to
maximize the chances of relapse-free outcome (185, 186). Thus PAS has a well documented
clinical efficacy against pulmonary TB, combined with relatively infrequent resistance,
justifying its use as a static 2"d line drug. But as is the case of most old drugs, it is overall
poorly characterized in terms of PK and the effect of micro-environmental conditions.

CLO is primarily used to treat leprosy, and its utility in the treatment of TB remains
controversial. Its PK profile is peculiar, with slow and variable absorption, and a very long
terminal half-life of 70 days. It distributes favorably into tissues and accumulates in
macrophages to very high levels, which can lead to organ damage caused by crystal
deposition (187, 188). There are no reports of its clinical efficacy against tuberculosis but it
has documented efficacy against selected non-TB Mycobacteria (189). Further pre-clinical
and clinical testing could bring an additional agent to the limited MDR-XDR panoply.

C. Third-line drugs under exploratory use for TB—A number of antibiotics, which
are not normally part of anti-TB regimens, are increasingly used off-label for highly resistant
patients with few or no other alternatives, essentially in countries or by patients with
sufficient economic resources. Among these are CLA, LZD, MTZ, and amoxicillin-
clavulanate. All these antibacterials have documented /n vitro activity against Mth (190-
193) but reports of their clinical efficacy are mostly anecdotal with no controlled trial data
available so far in TB patients.

In a drug-sensitive cohort, LZD demonstrated a modest EBA against rapidly dividing bacilli
in patients with cavitary pulmonary tuberculosis during the first 2 days of administration, but
little extended EBA over the subsequent 5 days (157). Though small and not placebo-
controlled, a number of very recent studies have concluded that LZD is reasonably tolerated
at 600mg daily, consistently lowers bacillary loads, and shows promising efficacy for the
treatment of difficult MDR cases (194-196). A randomized, controlled Phase Ila study has
been initiated to evaluate the effectiveness and tolerability of LZD in XDR-TB patients,
based on encouraging clinical experience and case reports of patients with persistently
positive sputum cultures (191, 197, 198).

Several p-lactam/p-lactamase inhibitor combinations have been examined for their potential
against XDR-TB (199, 200). Recent enzymatic and mechanistic studies of meropenem and
clavulanate with the Mtb p-lactamase have revealed /n vitro properties that could be
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exploited in the treatment of MDR and XDR-TB (30). Two reports of EBA have been
published for amoxicillin-clavulanate, one where its activity was significant and comparable
to that of FQs (156) and another one where the treated and placebo groups could not be
distinguished (155). In the latter case, the authors point to the very low sputum:plasma ratio
reported previously (136, 137, 141) and summarized in Table 4. Interestingly, patients in the
study which gave positive EBA received 3 times daily a dosage of 1 g / 250 mg of
amoxicillin/clavulanate, while a once daily dosage of 3 g / 750 mg was administered in the
other study. Given that the PK/PD driver of efficacy for the g-lactams is known to be
T>MIC, the negative results observed in (155) could be due to much lower T>MIC in the
once-daily dosing design. The weak points of the p-lactams are their relatively poor tissue
distribution, short half-life and lack of intracellular activity (114). In addition, several of
them are not orally bioavailable. However, the sterilizing activity of meropenem-clavulanate
against multiplying Mycobacteria and its inhibitory activity in anaerobically grown cultures
(30), along with the scarceness of therapeutic options for XDR patients, undoubtedly
warrant further investigation of their effectiveness in this patient population.

The history of MTZ for TB originates from the 1950s, when it was postulated that bacilli
found in inflammatory and necrotic tissues within the human host have adapted to a low-
oxygen microenvironment induced by granuloma formation (201, 202). These early
observations were confirmed in animal models through labeling studies using the oxygen-
sensitive probe pimonidazole (104, 203). An /n vitro model of anaerobic non-replicating
persisters was developed where the bacilli become phenotypically resistant to front-line
antituberculosis agents (204), while acquiring a unique susceptibility to MTZ, a drug
specifically used against anaerobes (192). Based on these observations, a clinical study has
been initiated, where the efficacy of adjunctive MTZ to second-line agents is evaluated in
MDR patients, with the idea that MTZ should inhibit or kill anaerobic subpopulations of
bacilli which are otherwise resistant to anti-TB therapy (www.clinicaltrials.gov ID
NCT00425113).

D. A promising drug in clinical development - TMC207—TMC207 is a first-in-
class investigational anti-TB agent with a novel mechanism of action and potent preclinical
activity against susceptible and resistant TB isolates (205). Interestingly, it is synergistic
with PZA in the mouse, possibly due to the fact that they both interfere with membrane
potential and electron transport. The ATP synthase inhibitor seems to have favorable tissue
penetration, with a lung-to-plasma ratio of 22:1 in the mouse. In a Phase Ila trial where
patients received a 5-drug MDR regimen plus either placebo or TMC207 for 8 weeks,
conversion to culture-negative sputum was 8.7% in the control group versus 47.5% in the
TMC207 treated group, with no serious adverse events attributable to the study drug (65,
206). The development of TMC207 has generated considerable enthusiasm for potential use
against non-TB Mycobacterial (NTM) diseases since it has very good activity against most
NTM, which are a significant problem in the Western world, essentially in immuno-
compromised patient populations (elderly, HIV, etc.). Currently, there are no cidal drugs
against most NTMs, and a typical treatment is 9 to 18 months long with average cure rates
lower than those of MDR-TB. As mentioned earlier, TMC207 is metabolized by CYP3A4
which is in turn induced by RIF, but RIF is seldom used against NTM and is excluded by
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definition from MDR-TB regimens. Finally, TMC207 has shown cidal activity against
Mycobacterium leprae in mice at low dose, suggesting that it holds promise for leprosy
patients (207).

E. Gaps in our understanding of the factors driving cure of TB disease—
Since the early days of anti-TB therapy, the presence and extent of cavitary disease have
often been cited as a predictor of poor clinical outcome, development of resistance and
relapse (7, 208-210). There’s likely to be a combination of reasons behind the difficulty to
sterilize cavities. The number of bacilli is highest in these lesions due to permissive growth
conditions either extracellularly or inside resting macrophages, providing a huge reservoir
for the acquisition of spontaneous resistance mutations (124). The diversity of
microenvironments and microbial subpopulations in cavities may be higher than generally
recognized, contrary to the commonly accepted dogma that most bacilli are extracellular and
rapidly dividing in the presence of high oxygen tension. Persister-like bacilli containing lipid
bodies, tolerant to the cidal action of antibiotics, were consistently found in sputum, along
with actively replicating bacteria (211, 212). Finally, penetration of chemotherapeutic agents
may be hindered by thick fibrotic cavity walls. To develop new drugs and optimize the use
of existing drugs for sterilizing cavities, we need to improve our understanding of the
dynamic of cavity resolution in response to individual drugs, and the extent of penetration of
these drugs in the different cavitary subcompartments. Modern technologies, such as PET
imaging and scanning mass spectrometry of resected lesions in animal models and patients,
are a potential way forward. In parallel, the predictive value of available biomarkers to
evaluate cavity resolution, such as EBA, drug concentrations in sputum and the whole blood
bactericidal assay (213), should be investigated in standardized studies, both in the non-
human primate model and in patient cohorts.

To a large extent, doses of second- and third-line TB drugs, which have been adopted in
clinical trials and by TB clinicians, are those previously approved for labeled disease
indications. Although TB is among the most complex infectious diseases, little has been
invested in TB-specific proof-of-concept studies to optimize doses and dosing regimens
using human pharmacological data. As a starting point, a systematic analysis of all available
clinical and pharmacological data remains to be conducted to revisit second- and third-line
drug doses in pulmonary TB. As shown recently (214), RIF may have been under-dosed for
more than 40 years.

For most antibiotic classes used to treat acute infectious diseases, one defined PK/PD index
has been shown to drive efficacy. These are either Cy,0x/MIC (ratio between peak serum
level and MIC), AUC/MIC (ratio between systemic exposure over the dosing interval and
MIC) or T>MIC (percentage of the dosing interval during which plasma levels remain above
the MIC). In the case of TB, a set of data is available for the FQs in the mouse model (165),
where it is shown that AUC/MIC is the best predictor of overall bacterial load reduction in
the lungs. But since TB is such a complex and chronic disease with varying levels of
pathogen sequestration, combined with multiple metabolic states and cellular location of the
bacilli, it is possible that different PK/PD indices drive the eradication of these different
populations. Care should be taken when extrapolating results from animal PK/PD studies to
humans, particularly when these are obtained from mice that present little of the typical
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pathology of humans. An interesting approach was recently adopted to predict sterilizing
doses of PZA, using a PK/PD model where human PK profile is simulated in an /n vitro
system that exclusively contains slowly replicating bacilli (215). Based on the results,
sterilizing effect was driven by the AUC/MIC ratio, while resistance suppression correlated
best with T>MIC. Monte Carlo simulations further indicated that currently recommended
PZA doses (1.5 to 2g daily) would achieve sterilization in only 15 to 50% of the patients,
based on actual drug levels observed in ELF. Classically, PK/PD indices are calculated using
drug levels measured in plasma, sometimes corrected for protein binding, yet plasma is not
the site of drug action in pulmonary TB. There is an urgent need for systematic studies of
drug penetration in lesions such that more relevant PK/PD indices can be calculated and
predictive PK/PD models can be built. These should include microdialysis to measure free
drug levels at the site of infection, as protein binding in lesions and other infection sites is
totally unknown.

Novel Delivery Systems to Increase Drug Levels in the Lungs

In parallel with the development of new drugs for TB, increasing efforts aim at
reformulating existing and approved drugs to improve their therapeutic window and efficacy
by increasing exposure at the site of infection while decreasing systemic drug levels.
Inhalation therapy holds promise as an alternative route of administration that limits
systemic side effects and delivers high, localized drug concentrations to the site of action
(216). The best characterized system is probably inhaled tobramycin (TOBI®) developed for
the treatment of lung infections in cystic fibrosis patients, where mean sputum
concentrations are around 1000-fold higher than peak serum concentrations (217). This
translates into a significant improvement in therapeutic ratio over that of parenteral AGs. A
small clinical study with adjunctive aerosol AGs was conducted in pulmonary TB patients
with persistent smear and culture positive sputum despite adequate treatment. Though this
was not designed as a placebo controlled clinical trial, 68% of the subjects converted to
smear negativity within 1-2 months (177).

There are several caveats and complications associated with the development and use of
nebulizers. Only a fraction (1-20%) of the drug is deposited deep in the lung alveoli, while
most of the drug placed in the nebulizer is wasted. The efficiency of deposition depends on
the type of nebulizer (218), antibiotic solution (219), patient technique (220) and particle
size. Particle size range is critical - typically the respirable range is 0.5 to 5.0 um because
particles < 0.5 um are primarily exhaled whereas particles > 5.0 um are trapped in the
oropharynx (221). Development of an approved formulation compatible with this route of
administration is key to avoid irritation, inflammation and hyper-sensitivity reactions. This
adds to drug and device development costs, an issue which cannot be ignored when dealing
with neglected diseases in developing countries. Finally, patients need to be educated with
regard to the use, cleaning and maintenance of the nebulizer to avoid contamination
problems and ensure optimal results.

Nevertheless, for some second- and third-line drugs with narrow therapeutic windows,
inhalation may be the only strategy to achieve effective sputum and cavity concentrations
while maintaining low systemic drug levels and associated toxicities. Despite all of these

Curr Clin Pharmacol. Author manuscript; available in PMC 2019 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dartois and Barry

Page 18

complexities, nebulized inhalation therapy remains an exciting strategy to minimize
systemic exposure and may constitute a preferred option over i.v. or i.m. injections of AGs
or CAP.

A more robust and possibly more suitable solution for field use is the development of dry
powder formulations, which benefit from reduced cost and complexity when compared to
nebulization systems (222). These have been tested in animal models with CAP (223), PAS
(224), INH and RBT (225). Overall, these studies have shown it is possible to achieve high
ratios of lung fluid to plasma levels, increased duration of action due to sustained release,
high volume of distribution, and high intracellular:extracellular ratio, though the mechanism
of intracellular drug delivery was not elucidated.

Other systems based on liposomes, microparticles and nanoparticles administered either via
inhalation (226) or intravenously (227) have been tested in animal studies, though none of
them has reached the stage of clinical development (228). Again, the ultimate objective is to
maximize efficacy and therapeutic index of existing TB drugs by exploring new technologies
that improve bioavailability, increase concentrations at the site of action while decreasing
blood levels and side effects.

As summarized in the previous section and Table 4, drug distribution in sequestered
infection sites may be problematic for some drug classes, and in some lesion types. There is
a need for systematic investigation of drug penetration not only in bronchial secretions, but
also deep inside closed necrotic lesions and cavities. Identification of poor ‘penetrators’ may
provide sufficient evidence to support the development of new formulation and devices for
inhalation of TB drugs that do not penetrate infected tissues effectively via conventional
routes. Thorough pre-clinical and clinical pharmacokinetic studies, including drug
quantification in most if not all sites of infection, should be conducted to validate the
development and use of aerosolized drugs against pulmonary TB in the clinic. Though
several key issues need to be addressed before inhaled therapy finds its way from theory to
clinical reality, the urgent need for more effective second- and third-line drugs justifies the
investment, particularly since existing TB drugs are relatively inexpensive.

CONCLUSION

The term “polypharmacy” could have been literally invented to describe the chemotherapy
of drug-resistant TB, yet in contrast to psychiatry and cardiology, two other disease areas
with significant complexities in management introduced by co-administration of multiple
medicines, there are relatively few studies that either provide baseline PK/PD information or
systematically evaluate DDI in the second- and third-line agents used to treat patients
suffering from MDR disease. As a consequence of this, TDM is virtually completely absent
from the medical lexicon of most physicians involved in MDR-TB management. We
understand the PK of most of the existing drugs and their potency /n vitro, and these data are
comprehensively compiled in this review for the first time. Yet there is no clear relationship
between /n vitro potency and /in vivo efficacy and therefore no way of relating these PK/PD
data directly to the outcome of patients on such regimens. To optimize the benefit of TDM -
a reliable and accurate tool for pharmacokinetic assessment - and justify its additional cost,
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predictive pharmacodynamic read-outs and lesion-to-plasma drug level ratios remain to be
established or improved.

EBA for many of these agents has been done, but while relatively inexpensive and
straightforward, it does not appear to correlate with either /n vitro efficacy nor demonstrated
clinical utility for achieving ultimate cure (consider the dramatically higher EBA for INH vs.
RIF compared to the much greater impact of RIF on sterilizing durable cure as one obvious
example). There are, of course, the occasional agents (like the FQs) that are so potent and so
well-studied for other diseases, and for which clinical efficacy is clearly demonstrated. But
the recent realization that RIF levels are sub-optimal in many patients highlights that even
for first-line agents these aspects are understudied. The recent emergence of new imaging
methodologies, coupled to EBA-like short term monotherapy methodology, might provide
the bridging clinical information necessary to translate drug levels into efficacy by revealing
information on lesion-specific responses to various agents. But a dramatic increase in focus
and intensity of such studies is urgently needed to combat the rising tide of MDR and XDR
disease.

Agents currently in clinical development, namely TMC207, offer the potential for radically
changing the landscape in exciting new ways. But since these are not informed by detailed
knowledge of what the limitations of current agents actually are, the chance of identifying a
new agent with an improved profile in sterilizing activity that would dramatically shorten the
course of therapy are really no better than they were in the 1950s. Since the expense of
developing a single new agent greatly exceed the combined expenses of detailed PK/PD
studies of the kind described here there is a strong economic argument to be made for
aggressively pursuing such information. These kinds of detailed studies, whether they result
in dosing adjustment, alterations in delivery strategies, or just a deeper understanding of
what physicochemical parameters correlate with tissue penetration to the site of disease, are
urgently needed and largely neglected.
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ABBREVIATIONS
AG Aminoglycoside
AM Alveolar Macrophage
AMI Amikacin
AUC Area Under the Concentration-Time Curve
CAP Capreomycin
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CLA
CLO
Cmax
CS
DDI
DST
EBA
ELF
EMB
ETH
FQ
INH
KAN
LEV
LZD
MBC
MDR
MIC
MPC
Mtb
MTZ
MXF
OFX
PAS
PD
PK
PTH
PZA

RBT
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RIF Rifampicin

STR Streptomycin

TDM Therapeutic Drug Monitoring

Trmax Time of Peak Plasma Concentration

Vs Volume of Distribution at Steady State

XDR Extensively Drug Resistant
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Pharmacological interactions between anti-TB and other drugs.

Table 2.

Page 35

by RIF resulting in
50% reduction of
exposure

Drug Metabolism CYP Induction or DDI with TB drugs | DDI with non TB Reference
inhibition drugs
Rifabutin demethylation and Induces CYP3A, CYP2D CYP-mediated Reduces serum (81, 90, 92,
hydroxylation by and cholinesterase metabolism levels of HIV 93)
CYP3A4; deacetylation inhibited by CLA protease and
by cholinesterase Induces its own reverse
(deacetylation product metabolism transcriptase
is as active as parent) inhibitors, and
CYP3A4
substrates, but less
so than RIF CYP-
mediated
metabolism
inhibited by
fluconazole
Pyrazinamide pyrazinoic acid (POA) none clearly established (94)
by PZA deaminidase,
and 5-OH-PA by
xanthine oxidase
Moxifloxacin glucuronosyltransfe rase Co-administered Negligible (84-86)
& sulphotransferase RIF reduces CYP450 inhibition
exposure of MXF compared to other
by 30% FQs (95)
Para-aminosalicylate | acetylation, glucuronide PAS causes (49, 96-98)
and glycine conjugation reduction of RIF
exposure, both peak
and AUC in
patients, but not half
life; PAS causes
increased serum
concentrations of
INH due to
inhibition of NAT-2
and competition
between PAS and
INH acetylation
Clarithromycin 14-hydroxyclarithromy Inhibits CYP3A family CYP-mediated (41, 57, 87)
cin by CYP3A4 metabolism induced
by RIF; inhibits
RBT metabolism
Metronidazole Likely through the P450 Inhibits CYP2C9 Reduces clearance (88, 99)
system, specific isomers of warfarin and
unknown phenytoin.
Many drug
interactions
described,
mechanism(s) to be
elucidated
Linezolid morpholine ring No interaction with CYP Potential (59)
oxidation - CYP450- system demonstrated,; interaction with
independent induces monoamine adrenergic
oxidase (MAO) (tyramine) and
serotonergic
agents, leading to
hypertensive crises
and serotonin
syndrome due to
MAQO induction.
TMC207 By CYP3A4 Clearance increased (89)
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Table 3.
. . . . . 1
Summary of INH and RIF concentrations in blood, lung tissue and various lesion compartments[]
Tissue Blood | Healthy lung | bronchopulmonary lymph nodes | cavities | Tuberculous foci | Tuberculomas | caseous lymph nodes
Units pg/mL Ha/g Hg/g Ha/g Ha/g Ha/g Ha/g
RIF alone 6.95 2.22 141 1.03 243 0.18 0.03
RIFin
combination 11 0.99 0.72 0.39 0.3 0.12 0.03
with INH
INH alone 411 0.58 0.53 0.59 0.6 0.49 0.21
INH in
combination 3.3 0.96 0.42 0.21 0.45 0.29 0.02
with RIF

a

translated and adapted from (109)
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Table 4.

Exposure ratio of some second- and third-line drugs in bronchial compartments versus plasma and in

intracellular space

Drug Sputum : plasma | ELF : plasma | AM :plasma | |c - EC[1] Mw cLogP References
Rifabutin nd nd 9 847.0 6.3 (35)
Moxifloxacin 5-7 20-70 715021 | 4379 06 (125, 126)
Levofloxacin 2 5-10 7-10 361.4 -0.4 (126-128)
Aminoglycoside!”/ 0.1-0.204 0.10-0.13 ol low -73 (115, 116)
Ethionamide 8-10 0.5 Low 166.2 11 (129)
Pyrazinamide 20 0.5-1.0 1-3 123.1 -0.6 (130, 131)
Linezolid 1 3-4 0.1-0.2 0.5 337.4 0.7 (126, 132, 133)
Clarithromycin 10-30/%7 200-1200 7480 | 32 | (132,134,135)
Amoxicillin 0.05-0.1 0.15 none detected ~0 365.4 -2 (136-141)
TMC207 3-5 555.50 7.2 97)

nd: not determined

1
21,
131,
ZA
5]
16,

intracellular to extracellular ratio

in rat fibroblasts (142) and mouse macrophages (143)

ccumulation is higher, around 45-fold, in differentiated macrophages (120)

obramycin given i.v. to cystic fibrosis patients, in the absence of any data for AGs used against TB

fter single dose; accumulation to higher ratios seen after 2-3 weeks of daily i.v. administration

ree CLA levels in soft tissue, measured by microdialysis, provided 0.5 tissue-to-free-plasma drug ratio (144)
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Early bactericidal activity of some second- and third-line drugs expressed as mean Alog CFU/mL sputum/day

Table 5.

Drug (daily dose in mg) Day 0-2 Day 2-7 Reference
Isoniazid (300) 05t00.7 0.1t00.2 (148)[1]
Rifabutin (600) 0.05 to 0.075 nd (149, 150)

Levofloxacin (1000) 0.45 0.18 (151)

Gatifloxacin (400) 0.35 0.17 (151)

Moxifloxacin (400) 0.33 0.17 (151)

Amikacin (300-750) 0.04 - 0.05 nd (118)

Streptomycin (7501500) 0.04-0.133 nd (152)
Pyrazinamide (2000) 0.003 to 0.05 0.04 (145, 153, 154)

Amoxicillin / Clavulanate 1 x 3000/750 0.018 nd (155, 156)
3 x 1000/250 0.34 0.02
Linezolid (600) 0.18 0.09 (157)
TMC207 0 0.15 (64)

nd: not determined

A,
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